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Abstract
Carbon Nanotubes for Human Space Flight
Carl D. Scott, Brad Files and Leonard Yowell
NASA Johnson Space Center, Houston, Texas
Single-wall carbon nanotubes offer the promise of a new class of revolutionary materials
for space applications. The Carbon Nanotube Project at NASA Johnson Space Center
has been actively researching this new technology by investigating nanotube production
methods (arc, laser, and HiPCO) and gaining a comprehensive understanding of raw and
purified material using a wide range of characterization techniques. After production and
purification, single wall carbon nanotubes are processed into composites for the
enhancement of mechanical, electrical, and thermal properties. This "cradle-to-grave"
approach to nanotube composites has given our team unique insights into the impact of
post-production processing and dispersion on the resulting material properties. We are
applying our experience and lessons-learned to developing new approaches toward
nanotube material characterization, structural composite fabrication, and are also making
advances in developing thermal management materials and electrically conductive
materials in various polymer-nanotube systems. Some initial work has also been
conducted with the goal of using carbon nanotubes in the creation of new ceramic
materials for high temperature applications in thermal protection systems. Human space
flight applications such as advanced life support and fuel cell technologies are also being
investi gated. This discussion will focus on the variety of applications under
investigation.
https://ntrs.nasa.gov/search.jsp?R=20100041312 2019-08-30T13:21:01+00:00Z
EIS°^PS^
°
^Q
	S
 
o
z
O
Ol
dj
ct
NU
L
n
(1)
C
t
M
.
O
4-j
c
r
c
t
0c
n
CCU
^
CO
M
'
Ln
d
.
U
^
tiW
, I 
Team Members 
-
Dr. Leonard Yowell, project lead -Dr. Erica Sullivan 
-
Dr. Carl Scott -William Holmes 
-
Dr. Sivaram Arepalli -Beatrice Santos 
-
Dr. Pavel Nikolaev -Dr. Olga Gorelik 
-
Dr. Brian Mayeaux -Dr. Rodrigo Devivar 
-
Dr. Brad Files 
JJ~JJJJJ -.. -.--.-.. - .. JJJ~JJJJJJJ JJ~~ -- --. 
(/) 
~ 20 
.... 
U5 
10 
o 
Why Single Wall Carbon Nanotubes? 
Mechanical Properties 
- much stronger/lighter than steel 
Thermal Properties 
- high longitudinal conductivity (diamond) 
- low transverse conductivity (C60) 
Electrical Properties 
- metallic, semiconducting tubes 
- high conductivity (copper) 
Stress-strain curve for SWNT ropes -
Rod Ruoff, Washington rnive~L 
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• Molecular 
computing/data 
storage 
• Nano flight 
system 
components 
• Fault/radiation 
tolerant 
- electronics 
• Quantum 
navigation 
sensors 
~ • Nano electronic-
"brain" for space 
Exploration 
• Integrated 
nanosensor 
-systems 
• Biological ~ 
.. computing 
• NEMS flight 
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. . 
• Growth and diagnostics 
- Ensure a reliable source of nanotubes with controlled properties 
using diagnostics and modeling to understand and improve processes 
• Purification and chelllistry 
- Develop processing methods for nanotubes to enhance structural, 
thermal, electrical, and chemical properties 
• Characterization 
- Develop and employ characterization techniques to examine 
nanotubes and nanoscale materials 
• Applications 
- Conduct initial studies or sponsor development of applicatioI1:s of 
nanoscale materials . , 
• Collaboration 
l 
I 
I 
i 
J~ 
r I 
. I 
JSC N anotube Materials App1roach 
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Pulsed Laser Vaporization - "Laser" Process 
Graphite 
Co, Ni Catalysts 
4000-5000 K 
argon 
fullerenes + SWNT + ilmpurities 
furnace at 1 ,200' Delsitls 
udy m-ytlr um· 
alumill game laSer 
f'lanotube ~f In growrng 
along tip 0 oolleC1or 
Growth and Diagnostics 
WbZl]~WZ~gf~;~ 
o "" 021 0 "" 0.16 0 "" 0.17 
d=0.8 run 
1..=380 run 
as-produced 
processed 
- ~ 
0.50 1.00 
-Nanotube length is extremely important for stress transfer 
in composite materials. 
-fmpossibl~ to determine lengths of individual nafiotubes 
from conventional TEM, SEM or AFM irnages because they 
bundle 
-Processing (purification, sonication) seems to cut tubes 
-Measured tensile strength (Ruoff) indicates long tubes 
-Individual tubes longer than -10!J,m are required for strong 
ropes (Yakobson) 
Our observation: 
-We see very long (>20!J,m) individual tllbes and thin 
bundles 
II NASA Growth Mechanism Workshop II 
Sivaram Arepalli, Pavel Nikolaev, Wilham Holmes and Bradley S. Files, Applied Physics Letters, Vol. 78, March 12,2001, pp. 1610-12 (2001 ). 
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. . 
• Growth and Production 
- Ensure a reliable source of nanotubes with controlled 
properties using diagnostics and modeling to understand 
and improve processes 
• Laser Ablation Simulations and Diagnostics 
- Summer Faculty Fellow Program 
- In-situ measurements of process parameters 
- Computational Fluid Dynamics Simulations 
• Collaboration with Dr. Robert Greendyke at UT-Tyler 
• Arc Process Diagnostics and Simulations 
. . 
- Collaboration with Dr. Samir Farhat at University of 
Paris 13 
---------- - - -
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Purification/Chemistry and 
Characterization 
Purification techniques for HiPCO and Laser produced nanotubes 
I 
I 
JSC 
Rice 
• Use standard characterization protocol to evaluate purified 
nanotube material and assess ... 
- PURITY 
- HOMOGENEITY 
- THERMAL STABILITY 
- DISPERSABILITY 
Joint NASA / NIST 
Workshop - May 27-29, 2003 
~ Techniques - TGA, SEMITEM (+EDS), Raman, UVIVis 
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SUPPORT 
SBIR Phase II 
Rice (NCC 977) 
CodeR 
CDDF-ES 
CodeR 
CDDF-ES 
SBIR Phase I 
CDDF-ES 
CDDF-NX 
None 
CDDF-ES 
N anoscale Materials and Processes 
Applications for Human Spaceflight 
APPLICATION PARTNERS 
Ultracapacitors EP, Glenn 
Electrostatic Discharge Materials with Nanotubes Rice, LaRC 
Proton Exchange Membrane - PEM - Fuel Cells EP, Glenn, GB 
Tech 
Nanotube-Based Structural Composites Rice, DR, LaRC 
RCRS - Regenerable CO2 Removal System EC, GB Tech, 
Ames 
Ceramic Nanofibers for Thermal Protection Materials ES3, Ames, Glenn, 
USAF 
High Thermal Conductivity Fabric for Spacesuits EC, Rice, ORNL 
Radiation ResistancelProtection NX, Rice, PV, 
LaRC, Ames 
Active Thermal Control Systems for Space EC 
Nanoshells for Thermal Control Coatings ES3 , Nanospectra, 
Goddard 
TRL 
1 2 3 4 5 
X X X X 
X X X 
X X 
X X 
X 
X 
X 
X 
X 
X 
-----_ .. -"'-
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Structural Composites 
N anotube Impact on Vehicle Scale 
Body, wing, 
----- propellant tanl=---l 
application 
-60% 
Polymer composite Nanotubes in Nanotubes il 
reference Polymer Matrix Aluminum Mal 
Baseline polymer composite structures and tanks 
C 81 % scale by length ~ 
N anotubes in polymer Inatrix 
Replace body, wing structures and propellant tanks 
C 77% scale by length < :IJ 
N anotubes in aluminurIl matrix 
Replace body, wing structures and propellant tanks 
High Thermal Conductivity Fabric for Spacesuits 
-Nylon SpandexJSWNT fabric improves crew member's 
thermal comfort 
- Increased heat transfer rate from astronaut to sublimator 
0.00 35 
0.003 
~ 
~ 0.0025 
E 
~ 
~ 
W~ 0.002 
0 .00 15 
Thermal Diffus ivity 
RTV/Tubes@rice (NASA) 
RTVNGCF (NASA) 
0 .00 I f--------,,-- ----"T-- --.-----.------.------, 
o 10 20 30 40 50 60 
Nanofibercomposition wt. % 
-+ SWNT 
-- SWNT 
-* VGCF 
--* VGCF 
• SWNT thermal properties are extremely 
anisotropic; heat x-fer is high along length 
• SWNT conductivity is comparable to 
that of diamond (2150 W/m-K) 
----------------------------
Thermal Protection System (TPS) Materials 
• Next Generation Tiles 
- Optimization of thermal properties at 
low, intermediate, and high 
temperatures allows TPS weight to be 
minimized, and improves vehicle 
performance. 
• Ceramic N anofibers 
VGCF/SWNT templating via sol-gel 
. processIng 
-----
----
--------
t 
Carbon N anofiber/tube " Ceramic Overcoating 
,----_____ .-_._0. 
Ceramic N anofibers for Thermal Protection Materials 
Proposed ~ 
Hollow Fibers 
0.1-0.3 ~m (100-300nm) 
Based on Carbon Nanofibers 
Proposed 
Hollow Fibers 
0.01-0.05 ~m (10-50nm) 
Current LI-2200 Shuttle Tile 
Solid Fibers 
NJR~m (1000-5000nm) 
Based on Carbon Nanotube Ropes 
r 
N anoshells for Thermal Control Coatings 
2Q om 10 .h.m 
60 !n.m .cOIe Radius 
20 nm Shell 
.. 
6Qtnm Cor~ Rad iu$ 
5 1om Shel1 
1 c~asmg 
Core ~ Shell Railo 
- 20(lm 
Courtesy of NanoSpectra 
• N anoshells offer possibility of 
designing thermal control 
coatings 
• Thermo-optical properties 
manipulated by nanoshell 
geometry 
ratio of silica core to shell 
thickness 
independent of overall 
organization of nanoshells 
• Interested in nanoshell design 
with low solar absorbtivity and 
high emittance 
- - ----------------- - --
---,-- ._ .--------------------------
Proton Exchange Membrane (PEM) Fuel Cell 
Electrodes 
Catalyst Support Layer 
Proton Exchange I--I---__ J=~=~~ 
Membrane 
Thermal Management 
Materials (High k) 
Water Management 
(wicking) 
Prevents the hydrogen 
and oxygen from 
mixing. 
Transfers protons (H+) 
from Anode to Cathode. 
Electrons travel from Anode 
to Cathode through exte fJJJWWW..~ 
load. 
Anode (Catalytic Electrode) 
2H2 -> 4H+ + 4e ' 
DC Electric Power 
+ 
Oxygen 
Circulation 
Pump 
O2 / Water Se ;.---
')Io:---....!. Water 
Storage 
Cathode (Catalytic Electrode) 
4H+ + O2 + 4e- -> 2H 20 
.. . 
Overall Reaction : 
< 2H2 + O2 -> 2H20 -
-----
"CO Scrubber" 2 
RCRS -Regenerable CO2 Removal System 
• High surface area beads coated with amine-based chemical adsorbant 
• When system is opened to space, material gets cold and not enough CO2 is removed 
• When CO2 is adsorbed, material heats up, thereby limiting the amount of adsorption 
• Need for new material: high surface area, improved thermal conductivity, ability to be 
coated with amine system 
• Proposal currently in to the SLI program for funding for a NASA-led activity, as part of a 
larger proposal on RCRS 
- Carbon Foam Subscale Bed 
Nanotube Array Bed (MWNT) 
Carbon Whisker Bed 
Amine Sheet Bed 
Ultracapaci tors 
• Application 
- Use nanotubes as electrodes for energy storage, probably to be 
used in a hybrid system with batteries 
• Current Collaborators 
- SBIR - ReyTech Corp., Inorganic Specialists 
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In-Space Manufacturing 
Mixing aggregate 
and Masterbatching 
Fibers 25-100 ~m dia. 
Wire -2 mm dia. Feedstock 
FDM Parts 
E.V. Barrera et aI., Rice University 
--------
I 
I 
-- , 
Other Applications for Discussion 
• EVA Lights 
• Cold Cathodes 
• Carbon-carbon 
• Gas sensors 
• Thermally conductive adhesives, greases 
• Water purification 
• Antennas 
1 _______ _ 
I I 
Government Collaborations 
NASA Glenn Research Center 
• Functionalization, purification, high temp. 
mat'ls (Meador, Gray) 
NASA Ames Research Center 
• Nanotubes (JSC) / modeling of HiPco 
(Meyyappan, Srivastava) 
NASA Langley Research Center 
• Code R $ - Production/purification (JSC) 
for use in SWNT composites (Siochi, Sutter) 
NASA Marshall Space FIt Center 
• Nanotubes, MMCs (Gill, Hudson) 
Air Force Research Lab. 
• Con1posites, characterization, 
purification (Maruyama) 
Naval Research La1b.l 
• Composites (Imam) ~ 
Nat'l Renewable Energy Lab 
• Purification (Heben, Dillon) 
Oak Ridge Nat'} Lab. 
• Thermal characterization (Wang, 
Dinwiddie) 
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SWNTs in Sol-Gel Zirconia 
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